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The feasibility of using fluorescence detection in quantitative gel permeation measurements has been explored. It is
shown that the effect of scattering by the gel matrix can be evaluated in terms of pathiength-dependent turbidity functions
for excitation and emission wavelengths. Experimental studies were carried out to evaluate these functions in eross-linked
dextran gels (Sephadexes) and in agarose gels (Sepharoses). Empirical turbidity functions derived for these gels have a sime-
ple form, leading to accurate simplifying approximations for the scattering correction required in a fluorescence gel perme-
ation measurement- Using this approach, partition cross-sections were estimated for dansvlconjugated g-gamma globuling
and for dansyl-conjugated bovine serum albumin. The results establish feasibility of the method and clearly indicate the in-
strumentation requirements for its accurate implementation.

1. Introduction

The technique of direct optical scanning of gel
chromatography columns, originally introduced by
Brumbaugh and Ackers |11, has been usefully applied
in the study of interacting protein systems [2—6] and
offers considerable potential for further development.
An equilibrium method based upon this approach {7,
8] requires that the column be completely saturated
with a solution contzining the molecular species of
interest. The column is then scanned by being driven
through a horizontally collimated beam of light and
absorbance values are determined as a function of
distance. The molecular size-dependent partitioning
properties of the solute are thus determined at ~400
points along the column axis. Even with the small
columns employed (10 ml bed volume) the pracedure
requires relatively large volumes of sample, especially
if a series of concentrations is to be investigated. An
alternative approach consists of saturating a very small
flow cell packed with gel beads (bed volume less than
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one ml) with the solution of interest and monitoring
the absorbance of this cell and a corresponding refer-
ence cell containing the same solution but no gel. A
single-photon counting instrument was built for this
purphse and has been described in a previous publica-
tion from this laboratory [9]. The sample carriage in
this instrument has four positions: The first one (a)

is an air reference; (b) and (¢) are two gel-packed flow
cells, and (d) is a reference flow cell. The three cells
are connected in series so that buffer or a sample solu-
tion can be purnped through them. Measurement of
absorbances in these cells provides a determination of
the partition cross section, £. This fundamental param-
eter is the fraction of cross-sectional area occupied
within the gel bed, and is a measure of solute molecu-
lar size [1,10]. The partition cross-section for a given
solute is obtained simply as the quotient of the solu-
tion absorbance measured above the gel background
and the absorbance of the same solution in the gel-
packed flow cell [9].

An alternative to absorbance measurements for the
detection and quantitation of solutes in such experi-
ments is fluorescence. Proteins may be detected by
the intrinsic fluorescence of their aromatic groups
{11,12] or by the emission of a fluorescent molecule
which has become attached to the protein. These may



300 L.P. Vickers, G.K. Ackers{Equilibrium gel permeation

be covalently or non-covalently bound “‘reporter
groups’ of fluorescent ligands involved in functional
properties of the protein. A fluorescent label has been
used to monitor the elution of proteins from a 4%
agarose column in the presence of sodium dodecyl-
sulfate for molecular weight determinations [13].

The purpose of this investigation was to explore
the feasibility of using fluorescence detection to meas-
ure partitioning of solutes within porous gel networks.
Because of the high sensitivity of fluorescence detec-
tion, the technique should permit studies to be carried
out below the concentration range presently accessible
through absorbance measurements. Additionally the
errors in a fluorescence measurement will be less than
that of a corresponding absorbance measurement, at
a given sensitivity of radiant intensity measurement.
This results from the fact that in absorbance measure-
ments concentration is proportional to the logarithm
of the intensity, whereas in fluorescence measurements
it is linsarly proportional (at low concentrations) to
intensity.

First we will present the mathematical relationships
necessary in the determination of partition cross-sec-
tions from fluorescence intensity measurements. A
major point of concern is to evaluate the effects of
scattering by the gel network on the measurements.
Hence, we will present results of a study of this scat-
tering by several commonly-employed chromatographic
gels. Next, the application of fluorescence detection to
the determination of partition cross-sections for two
fluorescently-labeled proteins will be given. Finally,
some possibilities for {uture developments and applica-
tions will be discussed.

2. Background and quantitative relationships
2.1. Fluorescence instrumentation

The three basic geometries commonly used for flu-
orescence measurements include the right-angle, frontal,
and in-line configurations [cf. 14]. The most widely ap-
plicable is the right-angle geometry, whereas solutions
of hi_h optical density {(whether because of absorption
of scattering) are usually measured by the frontal meth-
ad. The in-line method requires a means of discrimina-
ting between excitation light and emission light since
unlike the other two methods a large component of the

measured intensity may consist of the unabsorbed por-
tion of the excitation light. The in-line method has
been explored in greatest detail in these studies since
the photon counting instrument used was built for ab-
sorbance measurements and therefore has this geometry
[9].

Although the in-line method is the least desirable for
fluorescence measurements, it is the most desirable for
the studies of pathlength-dependent turbidity in gel
beds, which are a necessary prerequisite to the interpre-
tation of all measurements of fluorescence within such
systems.

In a fluorescence measurement the excitation light
is unidirectional, whereas the fluorescence is emitted
in all directions. Therefore, the measured intensity rep-
resents some solid angle of the entire sphere of radia-
tion. This gives rise to a geometrical efficiency term whic
varies from zero to unity, but could only approach un-
ity with an integrating sphere detector. The develop-
ment of lasers and stable xenon arc lamps of high in-
tensity has made possible the measurement of weakly
fluorescing solutions, even with low geometrical effi-
ciencies.

For the absorbance measurements made with the
photon-counting spectrophotometer {9] an interfer-
ence filter is placed between the sample and the photo-
multiplier tube to reduce stray light. In order to use the
instrument for fluorescence measurements this filter is
replaced by another interference filter which discrim-
inates between the excitation and emission wavelengths.
With the monochromator set at the excitation wave-
length an ideal filter would block out alf light of this
wavelength not absorbed by the sample, but would
have good transmission characteristics at the emission
wavelength.

However, the observed intensity is the sum of the
fluorescence intensity and any intensity at the excita-
tion wavelength which has “leaked™ through the filter:

[Py .. Q)

obs

The second term on the right side of eq. (1) is

L = 1o (T Tk 2)

where T is the product of the transmittance of the
sample, T, , and of the baseline, T, .., and T, is the
transmittance of the filter at the excitation wavelength.
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For a cuvet containing buffer solution only, the meas-
ured intensity will be

=1 (T ) T, (3)

obs

assuming the buffer is not fluorescent. The first term
on the right side of eq. (1) is

F= ¢' (Iabs) Tm ] (4')

where [, is the absorbed intensity, Ty, is the trans-

mittance of the filter at the emission wavelength, and
¢ is the praduct of the quantum efficiency and geo-

metrical efficiency terms. The absorbed intensity is

Lps =1 — T Ip- »)

Combining egs. (1) and (2) gives

BRPC = it 1 (T ) T )

obs
Substituting eq. (3) into (6) and rearranging gives

= fample £
F= cabsp - Iggs(Tsam)' )
Alternatively, eq. (6) can be normalized with respect
to [0,

e =
I?t?slp o= F/Io - (Ttotal) (Tx)‘
Rearrangement gives

F/IQ = Tobs - (Tmm) (Tx)r (8)
where T, = {oiaP e, o Is the apparent transmit-
tance of the sample.

Fluorescence intensity can therefore be expressed
either asin egs. (7) or (8). If I, changes with time
then eq. (8) is clearly preferred.

At low concentrations, where T, approaches un-
ity, eq- {7) can be approximated as
F= [sample _ Ibuf

obs obs”

This approximation can be similarly made in eq. (8).

2.2. Correction factors for fluorescent measurement in
a scattering medium

The fluorescence of a sample is proportional to the

dy

]

[P,
W owanemnmnnm

~dy

{ H
y=0 y=y2
Fig. 1. The sample cell. [ is the incident intensity at y = 0;

¥a is the cell pathlength; y is any particular distance from the
cell’s inner face, y = 0.

intensity of light absorbed. For the sample of fig. I:
F=¢[[,(1 —e™<92)], 9)

where /) is the excitation intensity at y =0, ¢ is the ab-
sorptivity of the solution, Cis the concentration, and

¢ is the quantum efficiency (with a value between zero
and unity). A derivation of this relationship is presented
in the appendix. If the quantity ecy, is small the follow-
ing approximation can be made,

F=¢lecy,; (10)

therefore, the fluorescence intensity is linearly propor-
tional to concentration. This is seen to be the case for
dilute solutions [15].

For concentrations which exceed the linear fluores-
cence range it is common practice to correct the meas-
ured fluorescence, F, to the expected linear fluores-
cence F by the following formula,

Fy=F(—2) an

[ —e 92

These corrections are usually termed “inner-filter
corrections”. An equation similar in form can be found
in most references on fluorescence measurement and is
usually given as:

2.3 (0.D)y,
172

where T and Q.D. are the transmittance and optical
density of the sample at 1 cm pathlength.

A second complication, and one which is of great
significance in measurements carried out in the presence
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of gel beads, is the effect of scattering. The optical den-
sity of a scattering medium may be expressed as a func-
tion of pathlength by a “turbidity function”, 7(y). This

function may be different for the excitation and emis-
sion wavelengths, represented as 7,(y) and 7 (), res-
pectively.

A total concentration of solute, ¢’, will be used
when referring to measurements in the presence of
gels. This is distinguished from the bulk concentration,
c. The relationship between them is: ¢’ = &c [cf. ref.
10].

All the derivations presented here are based upon
the assumption that scattering effects are completely
uncoupled from absorption (inner-filter) effects. This
has been found to be the case with Sephadex gels
(cross-linked dextran beads) within the limits of ex-
perimental measurement [1].

The expression for the amount of light absorbed
within an increment dy is (see appendix):

_ = _ zec'dy
Z, Iy +dy Iy( 1-¢€ )
where

Iy = [0 Eec'y e—"x(}')_
(the term ¢~ %@ does not appear in this expression
because it represents the scattering within the incre-
ment dy not absorption, and therefore does not con-
tribute to the fluorescence.)

For integration dy — 0, and the resulting expression

is
L, — L gy = Ig e~ 1€+ x0N eo'gy,

The fluorescence intensity is also attenuated by scat-
tering of the gel matrix. Another term must therefore
be included in the integral to account for this effect.
The fluorescent intensity becomes:

¥2
F=¢ f 1, e~ L€y 0] o'qy e TmP2 -3, 12)
0

where (3, — y) is the pathlength of emission from the
increment dy at a distance y.

A correction for combined inner-filter and inner-
scattering effects would be:

- ( €y ) . a3

o fpre= [y x0Tm0 gy
In general the functions 7, (¥} and 7, (') must be found
experimentally and eq. (12) is then integrated numeri-
cally. A simpler procedure based upon the experimental
results of this study will be described.

3. Experimental methods
3.1. Optical characterization of the gels

The scattering characteristics of a number of gels
were studied as a function of pathlength and wavelength
in the ultraviolet and visible regions. Effects of variation
in bead size and porosity were also explored. For all ex-
cept the pathlength studies, a quartz cuvet of 5 mm
pathlength was used. The gels used were Sephadexes
G-25 Fine (70 M dia), G-25 Medium (130 uM dia),
G-25 Coarse (270 uM dia), G-25 Superfine (20 M),
G-100 Medium and G-200 Medium, and Sepharoses
4B znd 6B (Pharmacia Fine Chemicals). A more com-
plete description of these gels can be found in ref. [10].
The Sephadex gels were swollen in deionized water and
were rinsed and decanted a number of times. The Sepha-
rose gels were similarly rinsed.

Cuvets of gel were allowed to gravity pack overnight
before optical density measurements were made. Insig-
nificant changes were observed in the optical density in
the period between 3 hours after packing and 2 days. The
gel beds were found to pack reproducibly as evidenced
by the optical density. The cuvets were masked on the
detector side with standard flow cell masks, each having
an opening of 1.5 X 6 mm. Some experiments were done
with the cuvet fronts also masked but no differences were
observed in the results between these experiments and
those without masks on the front.

Experiments were carried out between wavelengths
of 220 nm and 600 nm. The slit width varied between
0.001 mm in the visible region and 0.03 mm in the low
ultraviolet region. No effect of varying slit width in this
range was observed on the optical densities. The slit
height of the monochromator (Zeiss MQ4III) is slightly
less than 1 cm. A deuterium lamp was used as the source.
Counting rates were always less than 10° s~L.

A water baseline was taken in each case in the cell
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with the same masking as used for the corresponding
gel measurement. These baselines were subtracted
from the optical densities measured with the gels pres-
ent.

For the pathlength studies a set of plexiglass cuvets
were constructed with pathlengths between 0.16 and
1.27 cm. They were painted black except for a win-
dow on each side, 1.5 X 6 mm. The absorption charac-
teristics of plexiglass limited their use to wavelengths
greater than 350 nm. Also used were quartz cuvets of
pathlength 0.1, 0.2, 0.5, and 1.0 cm, masked in the
same way as mentioned above.

3.2. Filter selecrion

Preliminary experiments were carried out using pro-
teins conjugated with dansyl chloride (1-dimethylamino-
naphthalene-5-sulfonyl chloride) so a filter was used
which would allow light to pass in the 500 nm region
but would block out light in the 350 nm region. Rep-
resentative emission and excitation spectra can be
found in ref. [16]. Such a filter would also be suitable
for proteins conjugated with N-dansylaziridine [17].

An interference filter specially made for these stud-
ies (Infrared Industries, Waltham, Massachusetts) had
a half-peak bandwidth of 10 nm, centered at 500 nm.
The transmittance at 500 nm was 0.505 (50.5%) and
at 350 nm was 3.4 X 10~ making the discrimination
between the two wavelengths greater than 107.

3.3. Fluorescence measurements

Three fluorescent proteins were used for the stud-
iss: fluorescamine-conjugated bovine serum albumin,
dansyl-conjugated bovine serum albumin, and dansyl-
conjugated bovine gamma-globin. The fluorescamine-
BSA was prepared with Fluram (Roche Diagnostics)
and the dansyi-conjugated proteins were prepared by
amethod of Weber [10]. Approximately 4 dansyl/groups
were conjugated to each protein in these preparations.

All measurements were obtained using 2 0.5 cm
pathlength. The solution measurements were made in
quartz cells and the flow system measurements were
made in a set of flow cells described in a publication
from this laboratory [9]. The 500 nm interference
filter was used for both fluorophores. The fluoresca-
mine-BSA was excited at 400 am and the dansyl-con-
jugated proteins at 350 nm. Fluorescamine-BSA has
an emission peak at about 475 nm which is sufficiently
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broad to have considerable intensity in the 500 nm
region. Counting times were usually 1000 s, since the
intensity was very low. The dark count normally was
557! with a standard error of 0.1 and was subtracted
from measured intensities.

The partitioning experiments were carried out using
Sephadex G-200 (lot 8063) and 0.1 M potassium phos-
phate, pH 7.3, plus 0.15 M NaCl as the buffer.

4. Results
4.1. Oprical characterization of the gels

Fig. 2 A shows the effect of varying porosity (degree
of crosslinking) on beds of Sephadex gel at a number
of wavelengths. Three gels are shown, all with approxi-
mately the same bead size. The one with the largest
pore size (i.e., lowest volume fraction of cross-linked
dextran), G-200, was found to scatter light the least.
The curve shapes are characteristic of all Sephadex gels
studied. The optical density was found to change slowly
in the visible region and to increase in the ultraviolet re-
gion. Fig. 2B shows the same effects for Sephrose gels.
Again, the gel with the larger pore size, 4B, scattered
light the least. The most noticeable difference was the
pronounced slope in the visible region.

The effect of varying bead size is seen in fig. 3. The
gels used were G-235 coarse, medium, and fine. The op-
tical density of G-25 superfine was higher than G-25
fine, but was measured with such a large uncertainty that
it is not shown. The gel with th= largest bead size scat-
tered light the least.

Fig. 4A is a plot of optical density versus pathlength,
{, at two wavelengths in the visible: 400 nm and 500 nm.
The equation represented by the solid line will be dis-
cussed below. Data points from both the quartz and
plexiglass cuvets are shown. Fig. 4B is a similar plot for
three wavelengths in the ultraviolet: 200 nm, 300 nm,
350 nm.

Attempts were made to fit the data to a second or-
der polynomial constrained to go through the origin:

a(0.D.)? +5(0.D.) =1

The coefficient of the linear term was usually very
small in comparison to the quadratic term. In a fluores-
cence experiment the optical density of the gel will be
known only for the pathlength of the gel flow cell. For
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Sephadex A
30+
G-25
20r
G-100
1.0
G-200
2
@
<
5 fo) 1 1 1 1
Sepharose
= 8
4
8
30tk
2.0
68
48
ot — ) 1 4 ”
220 300 400 500 G600

Wavelength (nm)

Fig. 2. Effect of porosity on the optical density of gel beds.
Pathlength is 5 mm. A. Sephadex gels: o, G-200 Medium: A,
G-100 Medium; ©, G-25 Medium. B. Sepharose gels: 0, 4B;
A, 6B.

this reason, and because the linear term was very small
in the fit mentioned above, the data was fitted to only
one parameter:

0.D.=p®)'". (14)

The coefficient, p, was determined by the method of
linear least squares:

p =202 (0.D.) 22 {®V2]2. (15)

The line drawn by this method was found to fit the
data well in all cases, except for points at the shortest
pathlengths. There is a systematic deviation in this re-
gion, but judging by the scatter in the other poinis it
is within experimental error. The estimated values of
p are summarized in table 1.

A 0.5 cm flow cell was packed with Sephadex G-
100 (Medium) and allowed to flow for 2 days after
which optical density measurements were made at a

4.0
Sephadex G-25

Q\\‘J\Q\$ Fine
3.0 b =
Med.

[a]
(@]
2.0k o Coarse _
10 A L ~L. 1
220 300 400 300 600

Wavelength (nm)
Fig. 3. Effect of bead size on the optical density of Sephadex
gels. Pathlength is 5 mm. o, G-25 Coarse; &, G-25 Medium;
a, G-25 Fine.

oD

O 1 . ) B | 2 A
O 02 04 06 08 10 12
Pathlength, cm

Fig- 4. Optical density of Sephadex G-100 Medium in cells of
various pathlength. A. Visible wavelength region: o, quartz
cells at 400 nm; 4, plexiglass cells at 400 nm; ®, quartz cells
at 500 nm; &, plexiglass cells at 500 nm. The solid lines are
the best fit to O.D. = p«/I. p = 1.81 for 400 nm and p = 1.67
for 500 nm. B. Ultraviolet wavelength region: (all cells were
quartz) o, 220 nm; 4, 300 nm; ©, 350 nm. The solid lines are
the best fit to 0.D. = p/I. p = 2.92 for 200 nm, 2.15 for
300 nm, and 1.94 for 350 nm.
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Table 1
Valiues of p in the equation (0.D.) = p(l)""z for pathlength de-
pendence data for Sephadex G-100

Wavelength p2)
(am)

220 292
300 2.15
350 1.94
400 1.81
500 1.67

a) p was determined by eq. (19).

number of wavelengths. The optical densities were
found to be slightly higher than those of the 0.5 cm
gravity-packed gel, whereas the wavelength dependence
curve had the same qualitative features.

4.2. Simulations

In order to explore the inner filter and gel scatter-
ing effects a series of simulations were carried out cor-
responding to the experimental conditions of this study.

Fluorescent intensities were calculated according to
egs- (9) and (10) for a 0.5 cm pathlength. In these esti-
mates no value of ¢IO was assumed, so the values cal-
culated were F/¢ly. Eq. (9) was found to deviate from
the linear approximation eq. (10) as expected [15].

A 1% deviation was found at an absorbance of 0.02.

Based upon the good fit of eq. (14) to the experi-
mental optical densities of gel-packed cells, we may
formulate the following turbidity functions.

7,0) = 194()'2,
7, ) = 1L.67(r, — )2

The numerical integration of eq. (12) was explored us-
ing these functions. For these integrations the values
of p (table 1) have to be adjusted because of the nat-
ural logarithm base in eq. (12).
Subsequently it was found that eq. (12) could be

closely approximated by the following relationship:

F _j.gz e~ [Tx0N 7 2~ dy
olg Y2

Y2 .
x [ e ec'dy. as)
0

The first factor is simply the average of the function

e~ Xt Tmy2—y) a7n
across the pathlength y,, and the second factor is iden-
tical to eq. (9). The shape of these two functions from
zero to y., is shown in fig. 5. At concentrations where
the second factor deviates 1% from linearly, the entire
approximation of eq. (16) deviates less than 0.05% from
the true value of eq. (12). Therefore, in the low concen-
tration range a good approximation is

Flol, =B ecy,. (18)

where B is the first factor on the right side of eq. (16).

el

010D .2 OD

cc-exp (~ecy)

expl-0/7 -R/75Y)

w
E=4
=
>
Fay
3 average
= I b
“
i
y=0 Pzthiength ¥=¥o

Fig. 5. Graphical representation of the two factors of eq. (16).
The abscissa is the pathlength and the ordinates are inarbitraty
units. The two curves in A show the deviation from the linear
approximation for solutions of optical density 0-1 and 0.2.

For dilute solutions the area under the curve is approximated
by ecys- The curve in B was calculated with equal values of p
in T¢ and =p. If the values of p were not equal the curve would
be slightly skewed. The dashed line is the average value of the
function.
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For dilute solutions the fluorescence intensity is
therefore expected to be linearly proportional to con-
centration both in the solution flow cell and in the gel
flow cell:

F, =¢lecy,, (19)
and
F, =0l Bee'y?_ =@l Bekcy,- (20)

These two equations can be salved for £ in terms of
the measured fluorescences and B:

£=F,|BF,. @1

The assumption is made that the absorptivity, ¢, does
not change in the gel, a condition verified by the stud-
ies of Brumbaugh and Ackers [1].

The standard error in £ can be calcu..ted from the
standard errors in Fy, F,, and B using the equation
for error propagation in a quotient. The error in par-
tition cross-section is

pe= g{(%)z +(A£a)2 . (‘%}2}”2 .

4.3. Fluorescence megstrements

The flucrescence intensities of solutions of fluores-
camine-BSA were measured with the single-photon
spectrophotometer, equipped with the interference
filter described in section 3.2. The fluorescence inten-
sity, corrected for inner-filter effects was found to be
quite linear despite the fact that the counts were low.
A low concentration series was measured with a high
incident.intensity (1.7 X 10% s~} instead of 9.3
X 10° s~1). These measurements were made on solu-
tions with optical densities down to 0.008. When both
sets of data were normalized to the incident intensity,
Fylly, the composite plot was linear.

The partitioning of the two dansyl-conjugated pro-
teins into Sephadex G-200 was first measured by the
absorbance method [9]. The partition cross section, £,
for dansyl-BGG was found to be 0.444 = 0.049 (the
solution optical density was 0.0133 for 2 0.5 cm path-
length at 350 nm) and for dansyl-BSA it was 0.491

+0.020 (optical density 0.102}. The partitioning was
then measured by fluorescence, and the £ was deter-
mined as discussed in section 4.2. Values of B were
estimated independently from the turbidity data and
eq. (16). The results are summarized in table 2. The
partitioning of the two proteins was done with two
different gel-packed flow cells. A smalil difference in
packing accounts for the difference in the values of B.

3. Discussion

The mathematical model used to characterize the
scattering of the geis is entirely phenomenological and
therefore gives no information as to the structural source
of the scattering. However, some generalizations can be
made from experiments with the various gel systems.
The scattering centers do not appear to be primarily
the bead envelope, although there was an effect of bead
size. Beuche [19] concluded from light scattering stud-
ies of a cylindrical polymeric gel that the scattering was
due to the nonuniform swelling of the gel caused by the
random character of the ¢rosslink. Both the Sephadex
and Sepharose gels exhibited the relationship that the
smaller average porosities gave the greater scattering.

The fluorescence was attenuated by the scattering
to 20-30% of the value expected in the absence of gel
(B = 0.2-0.3). This iz quite a favorable result compared
with the absorption method where the gel baseline is
usually greater than 1 O.D. (less than 10% transmittz1ce).

The fluorescence studies we have carried out establish
the feasibility of quantitative measurement of partition
cross-sections in beds of gel particles and provide the
theoretical and experimental background for efficient
design of new instrumental systems that will permit
studies in the lower concentration ranges. For greater
precision, using the present instrument, the absolute
number of fluorescence counts would have to be in-
creased. However, this would also increase the number
of excitation counts that leak through the filter. Pos-
sibly this could be reduced somewhat with a different
filter or combination of filters. A discrimination of 10
does not appear to ba adequate.

The instrument used in these studies was designed
for absorhance measurements and is far from ideal for
fluorescence applications. The frontal and right-angle
methods have been used successfully for measuring
fluorescence in other highly scattering media, such as
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Table 2
Determination of the partitioning of dansyi-BGG and dansyl-BSA into Sephadex G-200 by fluorescence measurements
0.D.3%0hm Io Fy Fp B £
(O} ™) )}
Dansyl-BGG 0.041 $x 107 35.1+28 2.8+ 0.15 0.207 0.385 + 0.09¢6
0.035 2x 108 119.8+ 5.5 104 £ 0.27 0.206 0.425 = 0.053
Dansyl-BSA 0.054 2x 107 166 = 1.7 2.6 =+0.12 0.291 0.538 £0.112
0.107 2x 107 4412 3.2 6.6 = 0.15 0.287 0.521 = 0.076

a) The standard ersor in & was calculated using eq. (22) and assuming the errors in B to be insignificantly small in comparison to

those in F, and F,.

whole cells or turbid suspensions {12}, and would ap-
pear to be the methods of choice for gel partitioning

experiments. However, the in-line method was neces-
sary for the gel scattering studies.

A method has been reported for monitoring pro-
tein bands by fluorescence in acrylamide gels using
a right-angle instrument [12]. In that study the intrin-
sic fluorescence of the protein was used, and a correla-
tion was found between the total amount of protein
and the intensity. However, the scattering problems
encountered with solid acrylamide gels are not nearly
as great as with beaded gels.

For a self-associating protein system, the partition
cross section calculated with eq. (21) would be a
weight average and therefore would vary with species
distribution. Weight-average partition cross sections
determined as a function of protein concentration can
be analyzed to obtain stoichiometries and association
constants. The precise determination of partition cross
sections is mandatory for an unequivocal characteriza-
tion of self-associating systems by gel permeation [7,
8,10].

A combination of the frontal or fight-angle methods

and a very stable high intensity source should enable
these fluorescence methods to be extended to lower
concentrations of fluorophore and to the use of the
intrinsic fluorescence of proteins. This would provide
the capability of studying protein interactions at con-
centrations below those now possible with absorption
optics using either gel permeation or ultracentrifuge
methods. Fluorescence measurement techniques have

also been recently applied to analytical uliracentrifuga-

tion [20].
The fluorescence @f a solute in the presence of a

scattering medium would obey the same mathematical
form as eq. (12) in either the right-angle or frontal
geometries. The parameters of interest are shown in
fig. 6. The formula corresponding to eq. (12} for the
right-angle geometry is:

F=9l, fz e leex 73 0 )47 m 02 —¥)] ecdy.
0
For the frontal geometry the relationship is:
y2
F=¢l, [ e leatmx0rtm®)l gy,
0

The methods described here could also be extended
to more complex situations, such as when the absorp-
tion bands of the fluorophore overlap the emission re-
gion.

Determination of partition cross-sections by fluores-
cence measurement can be used in the study of ligand
binding by a simple extension of the method developed
by Brumbaugh and Ackers [2,3]. The simple case of the

Right-angle Frontal
} 171 ST RIS

L

\y

DTN

<
.
=}

y¥o

Fig- 6. Configuration of excitation and emission pathways for
the right-angle and frontal geometries. In the upper cuvet, xy
is the distance to a narrow emission slit.
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binding of a single fluorescent small ligand, L, to a
macromolecule, P, illustrates the method

P+L=PL.

The experimental quantity required for determina-
tion of the binding constant is the binding ratio, r, as
a function of free ligand concentration [L]:

r=({Ly] — LD/ [P},

where [Lg] is the total ligand concentration and [Pg]
is the total macromolecule concentration. Each mix-
ture can be prepared from stock solutions by weight
so that the total concentrations of P and L are accu-

rately known.

A gel is chosen so that the macromolecule and
macromolecule—ligand complex are excluded (§p
= £p. = o) and the ligand is completely included (&
=a+p).

The fluorescence intensity measured from the solu-
tion flow cell is

F,=k;[P) +k [L] +kp, [PL],

where k; is the product of a number of constants for
species {

ki =¢lyey,-

The fluorescence intensity measured from the gel flow

cell is

Fy = Blptp [Pl + Bk £, [L] + Bl £p, [PL]
= B(kpae[P] + &y @[L] + &, S[L] + kp; &[PL])

= BaF,, + Bl B[L].

Heuce the free ligand concentration is

. _F, —BaF, F,/B—afF,
(L Bk, KB

Since the calibration parameters «, 8, and B can be
determined independently and k; can be determined
by carrving out a fluorescence measurement in the ab-
sence of macromolecule, the determination of F, and
£, enables one to calculate the free ligand concentra-
tion and hence the binding ratio. B can alternatively
be determined using a solute of known £ on the par-

ticular gel cell to be used for fluorescence and then
solving eq. (21). Ideally an instrument that measures
both fluorescence and absorbance on the same samples
should be employed.
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Appendix

Fig. 1 provides a close look at the sample ceil. At a
distance y within the sample the Bougeur—Beer Law is
written [11]:

Iy =le” <y, (A1)
where 1, is the intensity (flux) at position y in photons/s,
I is the intensity at y = 0, € is the absorptivity of the
solution, and ¢ is the concentration. The amount of

light absorbed within a small increment dy is equal to

the difference between fluxes into and out of the incre-
ment: [, — [, 4,,- Applying the Bougeur—Beer law

over the increment:

—_ = — —ecdy= — _ECdy
L—1, . =1 —Le L —e ).

By substituting eq. (A.1) into this expression, we have

L,—I,,,, =1 e P —e V), (A2)
and letting dy -0,
L, —1,.q, =1y “Pecdy. (a.3)

By integrating Iy — Iy+dy from y =0 toy =y, one ob-
tains the total absorbed intensity,

Y2 Y2
[, — )= [ fye Fecdy
0 0
=Iy(1 — e~ P2). (A4)
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